Apnea disciplines and current records
apnea, the goal is to attain maximal underwater swimming distances. During constant weight, divers swim down as deeply as possible along a vertically suspended rope using fins while in the no limit discipline the dive is performed by descending using a weight and ascending with help of flotation device (balloon). While performing static and dynamic apnea, divers are exposed to progressively increasing hypercapnic hypoxia. During constant weight diving, divers are exposed during descent and at the bottom to progressive hyperoxic hypercapnia due to hydrostatic pressureinduced compression of the chest wall [3] , while the hypoxic hypercapnia is experienced only at the end of the dive just below the surface (due to chest wall expansion). Current world records for men and women in di erent apnea disciplines are presented in Table 1 . monitors [4] [5] [6] .
Challenging the traditional concepts
Breath-hold diving to depths up to 200 msw or deeper causes extreme lung compression according to Boyle's law. Elite divers have achieved record depths that exceed the maximal depth predicted from the physiological ratio of total lung capacity (TLC)
to residual volume (RV) [7] . Due to hydrostatic pressure-induced compression, injuries or pathologies after deep dives include pulmonary edema, alveolar hemorrhage, and hemoptysis. To prevent lung collapse and compression during descent, divers try to achieve lung volumes above TLC at the start of breath-hold. Having large lung volumes enables better equilibration of the inner ear by extra volume and increases oxygen stores, which all improve apnea performance. One technique used to achieve lung volume above TLC is called glossopharhyngeal insufflation (GI), by which, after maximal inspiration to TLC, the diver fills his or her mouth with air and, after opening of the glottis, forces this air into the lung. This respiratory technique results in a significant increase of lung volume above TLC, up to almost 50% [8] . However, this maneuver performed in laboratory conditions increases intrathoracic pressure, decreases venous return, compromises cardiac pumping by changing the geometry of both ventricles, and decreases arterial blood pressure, which may lead to symptomatic hypotension or syncope called 'packing blackout' [9, 10] .
Thus, apnea divers provide an excellent model for cardiac and hemodynamic studies on lung hyperinflation. Lindholm and
Nyren [7] investigated the morphological cardiovascular consequences of GI with magnetic resonance imaging (MRI) and found extreme reduction in thoracic blood volume with a small heart and compressed thoracic vessels. In addition, Potkin et al. [10] employed transthoracic echocardiography during GI and reported acute biventricular systolic dysfunction (right consistent with acute pressure overload and left possibly due to ventricular interdependence). A recent cardiac MRI study by Batinic and collaborators [11] has found that submaximal GI further decreased cardiac output in comparison to maximal inspiratory apnea; however, there was no evidence of severe biventricular dysfunction as reported by Potkin et al. [10] .
The extent of heart compression during TLC or functional residual capacity (FRC) apnea is shown in Figure 1 . During a maximal breathhold in dry conditions, mean arterial pressure (MAP) is substantially reduced at the start of the attempt, followed by renormalization and finally with significant hypertension [12, 13] .
Thus during few minutes the cardiovascular system of the elite diver is stressed to the maximum, starting from extreme hypotension and ending with marked hypertension.
These previously described hemodynamic consequences of the GI maneuver are attenuated in the immersed conditions due to redistribution of approximately 1 l of blood from the periphery to the intrathoracic vascular compartment, due to the increased surrounding hydrostatic pressure.
Divers are adapted to extreme hypoxia/ hypercapnia due to ventilatory, cardiovascular, and cerebrovascular adjustments, such as decreased ventilatory sensitivity to CO 2 , increased lung volume, enhanced peripheral sympathetic and parasympathetic activation, and increased lactate production, among others [13] [14] [15] . Furthermore, they show reduced post-apnea as well as post-exercise blood acidosis and oxidative stress, mimicking the responses of diving animals [16] .
Physiological diving response
The success of breath-hold diving depends on how well a diver tolerates the physiological and psychological stress related to the depth and duration of the dive. the autonomic nervous system. These mechanisms are aimed to reduce the oxygen uptake in order to prolong the dive duration and are accentuated in breath-hold divers [18] . Bradycardia is caused by an increased vagal activity, whereas the peripheral vasoconstriction is related to increased sympathetic discharge [19] . A recent heart rate variability study by Kiviniemi et al. [20] evaluated sympathetic/vagal balance during static and dynamic apnea while submersed.
It was found that apnea blunts the effects of exercise on cardiac vagal activity at the end of dynamic apnea. However, larger heart rate during dynamic apnea when compared to static apnea indicates larger sympathetic activity. In addition, we and others have suggested that splenic contraction is also a part of diving response [14, 21] and that it occurs even with very short breath-holds lasting only 15 s, without the presence of chemical stimuli like hypoxia and/or hypercapnia [22] .
During simulated breath-holding cardiac output is decreased predominantly due to bradycardia (increased vagal activity) and an increased intrathoracic pressure, which reduces venous return and consequently stroke volume [9, 17] . Palada et al. [13] have
showed that cardiac output is substantially In all these circumstances, moderate increases in BP were found with an augmented response to face immersion. The only study that measured invasive BP during deep breath-hold dives was the study of Ferrigno et al. [24] . They measured BP responses in two elite divers that were compressed in the wet compartment of the chamber to 50 meters of freshwater (mfw). The alarming values of BP ( Figure 3 ). During the initial 30 s of a TLC breathhold, the sympathetic neural activity response resembles that observed during a Valsalva maneuver [15] . This neural response is likely due to the high intrathoracic pressure that, in turn, reduces venous return and cardiac output, which elicits unloading of low and highpressure baroreceptors [9, 32] . After the initial phase of the TLC breath-hold, blood pressure stabilizes, but MSNA continues to increase linearly towards the end of the breath-hold.
The underlying mechanisms for the increase in MSNA during the latter phase of the breathhold must include an increase of chemoreflex stress [15, 29, 33] and the lack of ventilatory MSNA inhibition [29] . In all circumstances, the aforementioned increase in sympathetic neural outflow leads to augmentation of the tone of peripheral vasculature. Such pronounced peripheral vasoconstriction helps to maintain adequate oxygen supply to the brain and heart under asphyxic conditions.
Heusser et al. [15] showed that, when compared to baseline, the overall increase in MSNA during breath-holding in trained BHD is larger than 20-fold, a level that is approximately five times higher than observed in untrained control subjects. However, if control subjects are brought to the comparable level of chemoreflex stress as BHD by performing a prolonged breath-hold of at least several minutes, a similar level of sympathetic activation occurs, thus suggesting that chemoreflex sensitivity is unchanged in BHD compared to controls velocities, are silent at rest but may be recruited during chemoreceptor-induced increases in sympathetic drive at the end of maximal end-inspiratory apneas. In conclusion, the sympathetic neural activation resembles a similar pattern of activation already described in motor neurons [43] .
By utilizing the above mentioned spike detection algorithm, Breskovic et al. [36] were able to distinguish different properties of sympathetic neuron activity depending whether the stimulus was baroreceptor unloading or an increase in chemoreflex stress. 
Cerebral blood ow and oxygenation
Cerebral blood flow changes during breathholds were analyzed in the past during shorter and longer static apneas. Pan et al. [45] found Figure 4 . Identification of single APs using continuous wavelet transform algorithm in a single diver during end-inspiratory breath-hold (total of 2 min 34 s in duration). It can be seen that towards the end of the breath-hold the burst size (i.e. burst content) increases. The detected APs are divided in 13 clusters depending on their amplitude size. Note the increase in firing probability of larger APs (i.e. neurons of larger diameter) at the very beginning of the breath-hold and towards the end of the breath-hold. This suggests neuronal recruitment of previously "silent", larger, faster conducting neural fibers. At the same time we see an increase in firing frequency of smaller units (i.e. lower clusters). In BHD with maximal static apneas lasting 4-6 minutes, Palada et al. [13] observed more than a 100% increase in MCAV, which was significantly larger than in controls (~50%). As reported previously, at the end of the breath-hold in divers, a large increase in mean arterial pressure was found as a part of the adaptive autonomic mechanisms serving to protective vital organs (brain and heart). Since long breath-holds are associated with hypercapnia, our results of are in line with recent study of Vantanajal et al. [47] and Ainslie et al. [48] , who concluded that the vasculature of the brain is more sensitive to changes in arterial partial pressure of carbon dioxide (PCO 2 ) and less sensitive to sympathetic stimulation than the vasculature in the forearm [47] . Our study showed moderate reduction in cerebral oxygenation during the maximal static breath-holds in trained divers, despite larger increases in cerebral blood velocity and similar cerebral oxygen delivery [13] .
Despite the significant increase in cerebral blood flow during a breath-hold, is there evidence for neuronal damage during such extreme hypoxia/hypercapnia in elite breathhold divers? Recently, Andersson et al. found a moderate increase in serum level of glialspecific S100 calcium binding protein B (S100B) (expressed primarily by a subtype of mature astrocytes that ensheat blood vessels) after breath-hold attempts, a marker of disruption of blood-brain barrier [49] . However, this finding should be complemented by measurement of other central nervous system (CNS) damage, such as glial fibrillary acidic protein and neuron-specific enolase, as extracranial sources of S100B from skeletal muscle and fat cells has been recently proposed [50] . Still, the caution about the acute or chronic negative effects of breath-hold diving on CNS morphologic or functional changes is warranted due to a report using MRI. The study by Kohshi et al. [51] showed multiple T2-weighted hyperintensities in apnea divers with neurological symptoms after a competition. Furthermore Potkin et al.
[52] used single photon computed tomography and have reported large focal and/or diffuse areas of hypoperfusion in the frontal and temporal lobes and the cerebellar hemispheres.
Involuntary breathing movements improve cerebral oxygenation during the apnea struggle phase
The human physiological response to maximal voluntary apnea can be characterized by two distinct phases: the initial, easy-going phase that resembles a quiescent period during which no significant movement of the thorax occurs and that lasts until the physiological breaking point when the accumulated CO 2 stimulates the respiratory drive [53] , and the struggle phase during which the subject feels a growing urge to breathe and shows progressive involuntary breathing movements [54] . Divers continue to "struggle" for the remainder of apnea until the break point is reached when the glottis is reopened and inspiration occurs. Recently, we analyzed the pattern of respiratory pressure development of the diaphragm, rib cage and abdominal muscles during the struggle phase of maximal breath-holding in elite breath-hold divers [55] . Respiratory muscle contractions were assessed via measurement of esophageal, gastric, and transdiaphragmatic pressures. We found the inspiratory rib cage pressure development during struggle phase of the breath-hold increased at a rate exceeding that of the diaphragm, with proportionally rising expiratory pressures generated by the rib cage/abdominal muscles [55] . 
Fainting during breath-hold
As previously mentioned, breath-hold divers may experience loss of consciousness either during dry attempts or during field dives ("deep or shallow water blackouts"). The cardiovascular and autonomic mechanisms leading to fainting during maximal inspiratory apnea with GI were unknown until recently.
We found that divers fainted with di erent mechanisms [58] . In one diver, BP and cardiac output decreased even though both the heart rate and sympathetic vasomotor tone were well maintained, suggesting reduced responsiveness between efferent sympathetic nerve activity and vascular smooth muscle. Our study suggested that syncope with increased intrathoracic pressure is mainly induced by parasympathetic activation and bradycardia (four out of five divers), in contrast to the sympathetic vasomotor reduction with or without bradycardia mostly seen in neurally mediated ("vasovagal") syncope.
The role of the spleen in the diving response and its role during sympathetic activation
In many mammals, the spleen contains a significant volume of a thick blood, which is partially released to the active circulation during increased physical activity or diving [59] . On the other hand, the human spleen normally retains about one-third of the body's platelets in an exchangeable pool, which can be released into the circulation by adrenergic stimulation [62, 63] . For example, Schmidt and
Rasmussen [64] reported that 98% of the rise in circulating 111
In-labelled platelets after exercise could be accounted for by the loss of labeled platelets from the spleen. It was also previously
shown that mean platelet volume (MPV) of the splenic platelet population was about 20%
greater than MPV of the circulating platelets [65] . However, platelet size correlates with their reactivity [66] . Large platelets are metabolically and enzymatically more active than small platelets and produce more thromboxane A 2 .
Thus, the spleen could be an important source of large platelets, mobilized by adrenergic stimulation, e.g. breath-hold diving, thereby increasing the risk of sudden thrombotic Figure 5 . Intra-apneic and post-apneic sampling of the spleen volume (assessed ultrasonographically), transcutaneous arterial oxygen saturation and heart rate in three trained apnea divers who performed maximal simulated apnea dives with face immersion in cold water. The values are expressed as the percent of baseline value and averaged over the three divers. The duration of apnea was 150 s in all divers. Note that the spleen starts to contract immediately on the apnea onset, decreases in size steadily throughout apnea duration, and slowly recovers after the end of apnea diving. In contrast, arterial oxygen saturation and heart rate have different intra-apneic dynamics and recover quickly after cessation of apnea. Reproduced by the kind permission of The American Physiological Society from Bakovic et al. [14] .
incidents. In the study of Bakovic et al. [61] , spleen contraction in response to repetitive breath-hold resulted in an increase in red blood cell volume and leukocytes but without changes in the total platelet count. This data suggested that the spleen did not have an important role in regulation of platelet concentration, at least in response to breath-hold stimulation, despite changes in spleen size. Ojiri et al. [67] came to the same conclusion by analyzing changes in circulating blood cell counts with adrenergic stimulation of the canine spleen.
However, several studies in humans reported epinephrine-induced increases in circulating platelet count [68] [69] [70] . To further elucidate this problem, Bakovic et al. [71] provided the results of changes in both MPV and total platelets in response to repetitive breath-hold dives in three groups of subjects: trained apnea divers, untrained intact, and splenectomized subjects. A few recent studies have shown a strong connection between high MPV and thrombotic events like acute coronary incidents and stroke [72] [73] [74] . If we knew whether these conditions were associated with a high level of sympathetic activation, then we could reach the conclusion that the centrally-mediated splenic contraction is an important source of large platelets, thereby increasing the risk of sudden coronary incidents [71] . In our recent study [75] , we found an increase in MPV in response to splenic contraction induced by low dose epinephrine infusion in conditions of decreased blood pressure. Thus, the spleen is a dynamic reservoir of large platelets, the recognized prothrombotic factors.
Additionally, in patients with obstructive sleep apnea (OSA), MPV was significantly higher when compared with control subjects [76] . OSA is a common disorder associated with systemic hypertension, myocardial infarction, stroke, and premature death [77, 78] . Elevated sympathetic tone has been documented previously in OSA [79] and possibly may contribute to the increased cardiovascular risk, perhaps through spleen contraction and an increase in peripheral MPV. Moreover, Sahota et al. [80] found splenic contraction after ischemic stroke followed by a re-expansion. Characterization of the splenic response after stroke and its contribution to cerebral ischemic injury has the potential to provide new opportunities for the development of novel stroke therapies [80] .
Concluding remarks and future perspective
Currently, we are working on different 
